in Bunn et al. 2003) . 168 The catchment has an arid to semi-arid climate with mean annual rainfall varying 169 from 400 to 500 mm in the northern part of the catchment, 292 mm at Windorah, and 170 to less than 100 mm at its entry to Lake Eyre. Maximum daily air temperatures at 171
Windorah range from 21.4 to 38.1  C, and minima range from 24 to 7  C. Stream 172 flow is generated by seasonal monsoons as well as periodic local rainfall, resulting in 173 high inter-annual variability in flow (Puckridge et al. 1998; Puckridge et al. 2000) . 174
With high rates of evaporation (2.9 m yr -1 pan evaporation at Windorah) and high 175 flow variability, long periods of no flow are typical, with surface water confined to 176 isolated waterholes. Analysis of the flow data at the Currareeva gauge near Windorah 177
showed an average of 3 dry spells (no surface flow) per year during the period 1939 -178 1989, with more than half lasting longer than 25 days and a quarter lasting greater 179 than 164 days (Bunn et al. 2006b ). partially exchanged with surface water if gas bubbles formed in the chambers due to 219 DO concentrations exceeding 100% saturation. 220
Different components of benthic metabolism were calculated using the rate of 221 DO change in the chambers under daylight and dark conditions. For large chambers, 222 the mean rate of change for 6 to 8 h after dark was taken as the rate of R, and daily 223 respiration was calculated by assuming the rate was constant over 24 h. GPP was 224 calculated as the sum of the DO produced during daylight hours plus the DO 225 consumed by respiration during that period of time based on the night-time respiration 226 rate. Hourly average rates of GPP were also calculated for comparison with the small 227 chambers and the 14 C incubations, which lasted for 2 h. Changes in DO 228 concentrations over time (mg O 2 L -1 h -1 ) were multiplied by chamber volume and 229 divided by substrate surface area to obtain values in units of mg O 2 m -2 h -1 . These 230 rates were converted to units of carbon assuming that one mole of carbon is 231 equivalent of one mole of O 2 for both respiration and photosynthesis (i.e. 1 mg O 2 = 232 0.375 mg C, Lambert 1984; Bender et al. 1987; Davies 1994 ). Calculations of R and 233 GPP for the small chambers were similar to those for the large chambers, except the 234 dark chamber in each pair was used to obtain the rate of respiration. The photic zone 235 was divided into four sections based on the positions of the three pairs of small 236 chambers. A weighted mean for the whole photic zone was obtained using the 237 proportion of the photic zone represented by each section and either the mean of two 238 rates (at the ends of the section) or single rates (for the shallowest and deepest 239 sections). The rates obtained from the large chambers were applied over the entire 240 photic zone and are presented as the mean of 4 replicates. 241
242
Primary production using 14 
C incorporation 243
Rates of water column and benthic sediment primary production were 244 determined by incorporation of 14 C during 2 h incubations around mid-day (Wetzel 245 and Likens 1991). Water was collected from two depths: 0.03 m (within photic zone) 246 and 0.65 m (below photic zone). 100 ml water samples were placed in 250 mL 247 p o l y c a r b o n a t e b o t t l e s wi t h 2 0 μ C i o f [
14 C]-NaHCO 3 p e r b o t t l e ( 2 0 μ C i mL -1 solution; 248 ICN Biomedicals, Sydney, Australia). Samples were incubated between 11:00 and 249 13:00 at seven different light intensities created using shade cloth bags: 0 (dark 250 control), 2, 4, 8, 35, 70, and 100% of incident light, with one sample per depth per 251 light level. At the end of the incubations, the bottles were put on ice in the dark, and 252 two 25-mL sub-sa mp l e s we r e f i l t e r e d f r o m e a c h b o t t l e o n t o 0 . 4 5 μ m p o r e s i z e 253 c e l l u l o s e a c e t a t e f i l t e r s . B o t h f i l t e r s we r e p l a c e d i n t o a s c i n t i l l a t i o n v i a l , a n d 3 0 0 μ L 254 of 5 M HCl was added to release inorganic carbon as 14 CO 2 . 255
Benthic algal production was quantified using in-situ incubations in 256 14 C]-NaHCO 3 was 262 injected into each chamber using a 1 mL insulin syringe. At the end of the 2 h 263 incubation, the chambers were retrieved by carefully digging below the chamber and 264 inserting a rubber stopper at the base of the chamber. The top 3 mm of benthic 265 sediment was collected by extruding the core contained within the chamber and 266 slicing the sediment into a vial. 1 mL of 5 M HCl was added to each vial immediately 267 following sediment collection. 268
All samples were kept refrigerated at 4°C until processed in the laboratory 269 within 1 week of collection. The water column filters were left to dry for 19 h and 270 t h e n 2 0 0 μ L o f d i s t i l l e d wa t e r a n d 7 mL o f s c i n t i l l a n t we r e a d d e d . B e n t h i c s a mp l e s 271
were also left for 19 h and then sonicated for 10 sec at 15W (Branson Sonifier 450) to 272 h o mo g e n i s e t h e s a mp l e s . T h r e e r e p l i c a t e s o f 1 0 0 μ L o f b e n t h i c s e d i me n t we r e 273 dispensed into scintillation vials, dried at 30°C for 1.5 h, and 7 mL of scintillant 274 added. Radioactivity was measured using a liquid scintillation counter (Packard 2000  275 Beta Scintillation Counter Tri-Carb 2000CA Series System). The benthic sample 276 values reported are the mean values of the replicate sub-samples. 277
Primary production was calculated as described in Wetzel and Likens (1991) . 278
Total inorganic carbon concentrations were calculated from measured alkalinity, 279 temperature and pH. Rates from different light intensities (water column) and 280 different depths (benthic) were used to scale rates to the entire photic zone using a 281 weighted mean (as described above for small DO chambers). For water column rates, 282 a representative depth was calculated for each light intensity using the measured 283 extinction coefficient. formaldehyde (buffered to pH 7). Samples were kept at 4°C until processed in the 295 laboratory, where 5-mL sub-samples were taken from each 15-ml sample and filtered 296 o n t o 0 . 2 μ m p o r e s i z e p o l y c a r b o n a t e f i l t e r s ( p r e -soaked in 1 mmol unlabelled 297 thymidine). The filter was then washed with 5% cold tricholoroacetic acid followed 298 by 80% cold ethanol, and 1 mmol unlabelled thymidine. Filters were placed in 299 s c i n t i l l a t i o n v i a l s wi t h 2 0 0 μ L 5 M HC l , h e a t e d a t 1 0 0 °C f o r 3 0 mi n , a n d t h e n 2 5 0 μ L 300 of distilled water and 5.5 mL of scintillant added. The filters were radioassayed using 301 a liquid scintillation counter within 1 week of collection. Each 15 ml sample yielded 302 3 sub-samples that were filtered and counted separately, and their resulting values 303 averaged to represent the time point. The rate of thymidine incorporation reported is 304 the mean of the six rates determined from time points 5 -30 min. Rates of thymidine 305 incorporation were converted to rates of bacterial production in units of carbon as 306 described by Pollard and Greenfield (1997) . A value of carbon content per cell isrates of bacterial carbon production. The lower value was set at 6 fg cell -1 given by 310 Murray River. The high value was 34 fg cell systems (Nagata 1986) . 316
To determine bacterial abundance, three 15 mL samples of the water were also 317 taken and preserved with formaldehyde for bacterial counts. In the laboratory, three 318 sub-samples were taken from each sample, diluted to a ratio of 1:10 with distilled 319 water, sonicated, and filtered o n t o b l a c k p o l y c a r b o n a t e 0 . 2 μ m p o r e s i z e f i l t e r s . and were sonicated prior to removal of sub-s a mp l e s t h a t we r e f i l t e r e d o n t o 0 . 2 μ m 337 pore size polycarbonate filters. Three sub-samples were filtered, each containing 338 1/175 of the original sediment sample. The filters were then processed and rates of 339 bacterial production calculated as described above for the bacterioplankton. 340 T h r e e 2 0 0 μ L s a mp l e s o f s l u r r y we r e a l s o t a k e n a t t h e t i me o f s a mp l i n g a n d 341 preserved with formaldehyde for bacterial counts. The procedure followed was 342 similar to that for the bacterioplankton counts, with greater dilution and fewer 343 subsamples. Two sub-samples were taken from each sample, and serial dilutions with 344 sonification and vortexing were carried out. The final amount of sediment on each 345 filter was 1/2500 of the original sample. Cell densities of the two sub-samples were 346 averaged to represent each sample, and the value of benthic bacterial abundance 347 reported is the mean of the three samples. were applied to the volume of the photic zone, and the deeper chamber values (which 391 had no measurable GPP) were used to calculate R for the rest of the waterhole 392 volume. Net ecosystem production (NEP) was also calculated for the waterhole 393 components by subtracting R from GPP. 394
395

Comparisons of bacterial metabolism with rates of GPP and R 396
Because bacterial production measurements were restricted to the photic zone, 397 they were principally compared to primary production and respiration rates on the 398 basis of a unit area of the benthic photic zone and a unit volume of the water column 399 photic zone. Rates of bacterial production were used to calculate bacterial respiration 400 and carbon demand over a range of bacterial growth efficiency (BGE) values. BGE 401 was defined as bacterial production divided by bacterial carbon demand (the sum of 402 bacterial production and respiration, Cole et al. 1988 ). Plots of calculated bacterial 403 respiration (mg C m -2 h -1 or mg C m -3 h -1 ) versus BGE were compared to values of 404 community R measured using DO chambers (both large and small for benthic R). 405
Similarly, calculated total bacterial carbon demand (bacterial production plus 406 respiration; mg C m -2 h -1 or mg C m -3 h -1 ) was compared to values of GPP measured 407 using DO chambers (both large and small for benthic GPP). These comparisons are a 408 simplification of the actual carbon dynamics of the system, as community R includes 409 the R of all autotrophs and heterotrophs in the system, not just bacteria, and similarly,not all of GPP is available as carbon for consumption by bacteria. However, these 411 comparisons provide a perspective on the relative magnitudes of the processes. For 412 comparison at the entire waterhole scale, bacterial rates were assumed to be constant 413 over 24 h, benthic rates were multiplied by the total area of the waterhole, and 414 bacterioplankton rates were applied to the entire volume of the waterhole. were kept frozen and in the dark until extraction with acetone and spectrophometric 421 analysis for chlorophyll a (with acidification correction for phaeophytin) was 422 conducted in the laboratory (Lorenzen 1967) . Benthic chlorophyll was expressed as 423 mg chlorophyll a m -2 using the total surface area of the cores. Water column samples 424 were collected at 4 depths, including the two depths at which water was collected for 425 14 C water column incubations. Each sample consisted of 4 pooled subsamples, each 426 b e i n g a 0 . 4 5 μ M c e l l u l o s e me mb r a n e f i l t e r wh i c h h a d b e e n u s e d t o f i l t e r 3 0 mL o f 427 water. Samples were extracted in acetone and absorbance measured on a 428 spectrophotometer as described above. 429
The water column was characterised with a combination of in situ 430 measurements and samples collected and preserved for later analysis. Irradiance was 431 measured at incremental depths using a Licor quantum sensor (LI-192, LI-COR, 432
Lincoln, USA. The resulting light profile was used to calculate the extinction 433 coefficient and the depth of photic zone was defined as 1% of incident light (Wetzel 434 and Likens 1991). Ambient water temperature and DO at 0.2 m and 0.65 m deepwere recorded at 10 min intervals for 24 h using DO probes fitted with stirring devices 436 and data-loggers (TPS 601). Turbidity and pH were measured on a depth-integrated 437 10 L sample of the water column. An additional integrated sample of the water 438 column was collected and two subsamples stored for water chemistry analysis in the 439 laboratory. One sample was frozen and analysed for total phosphorus, total nitrogen, 440 and nitrate. The other sample was kept at room temperature and analysed for 441 alkalinity. Standard analysis methods were used and more details can be found in 442 and temperature values over 24 h indicated that the water column was stratified. 454
Within the photic zone, diel water temperature ranged from 21 to 28°C, but the 455 temperature was consistently lower deeper in the water column (mean 20°C) with a 456 temperature range of only 1 degree (Table 1) The mean rate of GPP measured in small chambers was very similar to that of 478 the large chambers for the same time period (Table 2) Rates of primary production using 14 
C incorporation 497
Values of benthic algal production measured using 14 C incorporation were 498 lower than those measured using changes in DO, ranging from 7 mg C m -2 h -1 at 0.14 499 m deep to 32 mg C m -2 h -1 at 0.07 m deep, with a mean of 15 mg C m -2 h -1 (SE ± 4) 500 (Table 2 ). The area weighted rate for the whole photic zone (using the rates from all 5 501 depths) was 10 mg C m -2 h -1 . Chlorophyll a values ranged 3.8 to 14.7 mg m -2 , and 502
showed no consistent pattern with depth. 503
Rates of water column algal production using 14 C ranged from 10 mg C m -3 h -1 504 for deep water with 2% light availability to 65 mg C m -3 h -1 for shallow water with 505 35% light. The highest production values were at 70 and 35% light transmission for 506 both depths of water incubated. Photic zone water had greater rates of production 507 than that from below the photic zone for all light levels except for 70%. Across the 6 508 light intensities, the mean rates of production for shallow and deep water were 34 mgC m -3 h -1 (SE ± 9) and 24 mg C m -3 h -1 (SE ± 10), respectively. These values were 510 similar to the average rate during daylight hours of 22 mg C m -3 h -1 obtained using 511 changes in DO in chambers suspended in the photic zone. However, when the rates of 512 production using 14 C were volume-weighted over the depth of the photic zone (using 513 values from the shallow water incubation), the value was lower (9 mg C m -2 h -1 ). 514
Chlorophyll a values at the two depths from which water was sampled for 14 C 515 incubations were very similar, at 15 and 13 mg m -3 . The mean of the four depths from 516 which chlorophyll samples were taken was 11 mg m -3 (SE ± 2). 517
518
Bacterial production 519
The rate of thymidine incorporation by bacterioplankton was linear (r 2 = 0.98, 520 p = 0.00002), and the mean rate of bacterial production across the 6 time points was 521 0.067 g C m -3 h -1 (SE ± 0.004) using the conversion of 6 fg C cell -1 and 0.373 g C m The rate of thymidine incorporation by benthic bacteria was linear for all three 528 thymidine concentrations (r 2 > 0.7; p < 0.01 for all 3). The two higher concentrations 529
( 1 0 0 a n d 1 5 0 μ L ) y i e l d e d s i mi l a r c a l c u l a t e d r a t e s , a n d we r e h i g h e r t h a n t h e r a t e 530 c a l c u l a t e d f o r 5 0 μ L . T h e r a t e f r o m t h e i n t e r me d i a t e c o n c e n t r a t i o nwas used based on 531 the higher blank value (time zero) for the highest concentration, and the assumption 532 that the lower concentration was not saturating. The mean rate of benthic bacterial 533 production across the 6 time points was 0.073 g C mconversion factor of 6 fg C cell -1 and 0.441 g C m -2 h -1 (SE ± 0.071) using 34 fg C 535 
Production and respiration at the waterhole scale using large metabolism chambers 540
A very small portion of the waterhole benthic zone was in the photic zone (just 541 under 8%). In contrast, because of the shallow mean depth of the waterhole, 24% of 542 the water volume was in the photic zone. The benthic photic zone alone was 543 marginally autotrophic with values of 1.1 for P/R and 59 g C d -1 for NEP (Table 3) . 544
However, with the inclusion of the deeper benthic habitat, the overall benthic zone 545 was heterotrophic with a P/R value of 0.5 and NEP of -589 g C d -1 . The water 546 column photic zone alone was highly autotrophic, with a P/R value of 3.0 (NEP = 547 5624 g C d -1 ), and even with the addition of the deeper water, the water column was 548 still autotrophic (P/R = 1.4; NEP = 2273 g C d -1 ). The benthic zone contributed only 549 5.7% of waterhole GPP and 15.5% of waterhole R, and due to this relatively small 550 influence, the overall whole waterhole was autotrophic with a P/R of 1.2 and NEP of 551 1683 g C d -1 (Table 3) . 552
553
Comparisons of bacterial metabolism with rates of GPP and R 554
Calculations of bacterial R using the higher value of 34 fg cell -1 for carbon 555 content resulted in values that exceeded measured total R for all values of BGE for 556 both the benthic and pelagic zones (BGE = 0.2 -0.8; Figure 2 ). In contrast, for 557 values of 6 fg cell -1 , calculated benthic bacterial R was equal to measured benthic R at 558 a value of BGE of 0.51 for the maximum rate of measured respiration (small DO 559 chambers) and a value of 0.78 for the average (large DO chambers, night time) rate. 560 Calculated bacterioplankton R (using 6 fg cell -1 ) and measured water column R were 561 equal at a value of BGE of 0.66. Similar to comparisons of calculated bacterial R and 562 measured R, bacterial C demand greatly exceeded GPP for all values of BGE for 563 calculations using 34 fg cell -1 . For the benthic zone, calculated bacterial C demand 564 also exceeded the maximum value of measured GPP for the entire range of BGE 565 values when 6 fg cell -1 was used, but values of demand and GPP were similar at high 566 BGE values. In contrast, water column GPP exceeded bacterial carbon demand for 567 values of BGE greater than 0.3 when 6 fg cell -1 was used. 568
Water column and benthic bacterial production were very similar per m 2 of 569 waterhole. Benthic bacterial production extrapolated to the whole waterhole was 570 24,400 g C d -1 (lower cell carbon content) or 139,000 g C d -1 (higher cell carbon 571 content). Bacterioplankton production was 22,700 g C d -1 or 129,000 g C d -1 , 572 respectively. Either the benthic or pelagic zones taken separately (for either C 573 conversion factor) were considerably more than the 9,000 g C d Murken would be grouped with eutrophic lakes based on its slightly autotrophic status 589 (this does not imply cultural eutrophication of the waterhole; both land use intensity 590 and human population density are very low in the catchment). Current models based 591 on northern hemisphere temperate lakes suggest that not just trophic status, but 592 specifically both total phosphorus (TP) and dissolved organic carbon (DOC), are 593 important controls on the metabolic balance of epilimnia, with high TP and low DOC 594 resulting in autotrophy and the opposite resulting in heterotrophy (Hanson et al. 595 2003) . To expand this model to a wider range of waterbodies, we propose that these 596 two factors could be more generally expressed as inorganic nutrient concentrations 597 and allochthonous C inputs. Glen Murken falls on the high inorganic nutrient and low 598 allochthonous (see below) end of the spectrum, and this is expected to be the case for 599 the entirety of the no flow period. Glen Murken metabolism rates for the water 600 column separately and for the entire waterhole are consistent with lakes in this group 601 being autotrophic. This general model seems to apply to Glen Murken despite its 602 development focusing on epilimnion metabolism and not explicitly including turbidity 603 as a factor, but the potential influence of light limitation will need to be explored by 604 testing the model in a wider range of turbid systems. 605
Because Glen Murken and most other waterholes in the catchment are very 606 shallow, the benthic zone would be expected to be important to overall waterhole 607 metabolism based on general trends observed for shallow lakes (Vadeboncoeur et al. the photic zone and the contribution of benthic GPP to total waterhole GPP was small 610 (6% based on large DO chamber measurements). Because of the limited areal extent 611 of the photic zone, the contribution of the benthic GPP would still be minor even if 612 rates of benthic GPP were underestimated due to oxygen saturation. Although light 613 penetration in Glen Murken is limited by inorganic turbidity, the reduced role of 614 benthic GPP is similar to that reported for many eutrophic lakes in which high 615 phytoplankton densities shade the benthic zone (Vadeboncoeur et al. 2002 ; 616
Liboriussen and Jeppesen 2003). In contrast, respiration is not constrained by light, 617
and so the overall benthic contribution might be expected to be somewhat greater than 618 for GPP. While the benthic zone did make a larger contribution to total R than to total 619 GPP, the contribution was still only 16% because rates of R were relatively low 620 outside the photic zone. Low rates of R outside the photic zone suggest a tight link 621 between algal production and R, with the autotrophs themselves contributing to R as 622 well as heterotrophs respiring autochthonous carbon. Evidence of this link is also 623 provided by the highly significant linear relationship between benthic GPP and R 624 across 12 sites reported by Bunn et al. (2003) . 625
The Glen Murken benthic zone was heterotrophic, in contrast to the findings 626 of Bunn et al. (2003) across 12 waterholes in the same catchment. Similar to this 627 study, they found that the photic zone was typically a small proportion of the 628 waterhole benthic zone (4 -8%), but at the time of their measurements, benthic GPP 629 was so high that the overall benthic zone was autotrophic (GPP = 2.02 ± 0.25; R = 630 
maximum values of ambient dissolved oxygen in all waterholes exceeded 100% 642 saturation during the day, suggesting that the epilimnia were also autotrophic. Water 643 column metabolism dominated the waterhole totals in the current study, pointing to 644 the need for further research to understand relationships between flow regime and 645 both water column and benthic production (Bunn et al. 2006b ). 646
647
Bacterial production and sources of carbon 648
Rates of bacterial production varied by more than 5x based on using low and 649 high values of cell carbon content (6 and 34 fg C cell -1 ), but some insight can be 650 gained into where the actual values might lie based on measured rates of community 651 R. If values of community R obtained using dissolved oxygen changes in metabolism 652 chambers are used to set an upper bound for bacterial R, then the value of cell carbon 653 content is closer to 6 fg C cell -1 . Community R measurements may have 654 underestimated total R because changes in dissolved oxygen concentration do not 655 account for anaerobic respiration. It is unlikely that anaerobic processes are 656 significant in the water column, but they could be in the sediment. Some evidence of 657 benthic methane production was found in similar waterholes by Bunn et al. (2003) 658 based on the 13 C-depleted carbon stable isotope signatures of chironomid larvae 659 benthic R could be higher than what was measured in the present study, suggesting 661 higher bacterial cell carbon contents/lower BGE, a more heterotrophic benthic zone, 662 and a greater reliance on allochthonous carbon. 663
The potential importance of autochthonous carbon for fuelling bacterial carbon 664 demand is suggested both by the autotrophic metabolic balance of Glen Murken 665 waterhole and the lack of available sources of allochthonous carbon. The whole-666 waterhole P/R value of 1.2 (based on scaling up large DO chamber measurements) 667
suggests that there are not large amounts of allochthonous organic carbon currently 668 being respired. In fact, few pathways for allochthonous inputs to the waterhole exist importance with in-channel flows and overbank floods, but algal production is still a 681 major source of carbon during floods and benthic GPP exceeds R on the inundatedsuggests the relative importance of autochthonous carbon to bacteria. Bacterial 685 production measurements were conducted only during the day and in the photic zone, 686 but at least for this time point, it appears that bacterial organic carbon demand in the 687 photic zone could be met by autochthonous production (assuming the lower value of 688 cell carbon content). Benthic bacterial carbon demand exceeded benthic GPP values 689 (from both small and large DO chambers), but water column GPP (from large DO 690 chambers) substantially exceeded water column bacterial demand. There are 691 difficulties in scaling measurements to longer time frames and larger spatial areas 692 than those at which the measurements were made, but if rates are assumed to be 693 constant over time and throughout the water column/benthic zone, bacterial demand 694 exceeds autochthonous production in the waterhole by approximately 5 times. 695
However, if bacterial rates track GPP, then they would likely be lower at night and 696 outside the photic zone, and demand might be entirely met from within-waterhole 697 production. While multiple lines of evidence point to an important role for 698 autochthonous carbon in bacterial production, a more quantitative assessment requires 699 greater certainty of bacterial carbon content and BGE, and more information on 700 spatial and diel variation in bacterial production. 701
702
Comparing methods of measuring primary production 703
Daily values of benthic and water column GPP were required for constructing 704 a waterhole carbon budget, but at the same time, spatial variation within the photic 705 zone was also of interest. Within the photic zone, rates of production obtained using 706 14 C incubations showed more variation than those obtained using small DO chambers. 707
From the range of 0.02 -0.19 m depth over which the 14 C chambers were deployed, 708 Table 3 . Whole-waterhole production and respiration.
Rates of gross primary production (GPP) and respiration (R) obtained using changes in DO in large metabolism chambers incubated for 24 h in the benthic zone and water column were scaled to the entire waterhole using the relative area or volume of the habitat type. Table 2 ) is given as well as a daily average (from large chambers). Only daily averages are given for water column metabolism.
Calculated bacterial R is compared to measured R (A and B), while calculated bacterial carbon demand is compared to measured GPP (C and D). 
